The temperature required for ring-opening polymerisation of cyclo-N 3 P 3 Cl 6 can be dramatically lowered by employing trialkylsilylium carboranes [R 3 Si(CHB 11 X 11 ] as catalysts.
Due to substituent versatility, a wide variety of synthetic routes to polyphosphazenes have been explored. For example, an ambient temperature, living, cationic chain-growth polycondensation approach to 1 has been developed in recent years. 5 It involves the PCl 5 -catalyzed polymerisation of the N-silylphosphoranimine monomer Cl 3 PLNSiMe 3 , and gives high yields of 1 with moderately high molecular weight and narrow molecular weight distributions. Substantial molecular weight control is possible by adjustment of the catalyst (PCl 5 ) to monomer ratio. Nevertheless, the polyphosphazene field remains heavily reliant on the synthesis of 1 via classical 6 thermal ring-opening polymerization (ROP) of the cyclic phosphazene trimer [N 3 P 3 Cl 6 ] (2) in a melt at ca. 250 uC.
7
Although the thermal ROP of 2 provides access to many derivatives of high molecular weight polyphosphazenes, this route suffers from a number of drawbacks. High costs are associated with the synthesis of 2, a high level of monomer purity is required to achieve reproducible polymerization and a high temperature is required to induce ROP. In the melt, only moderate yields of soluble polymer can be obtained (ca. 40%) before crosslinking reactions take place. Even when ROP is performed in solution, no appreciable molecular weight control is possible because high temperatures remain necessary. Broad molecular weight distributions are typical. Treatment of 2 with 10 mol% of either the N-protonated phosphazene 4 or the N-methylated phosphazene 5 in 1,2-dichlorobenzene did not trigger ROP at either room temperature or when heated at 160 uC for 7 d. However, when 2 was treated with 10 mol% of the N-silylated derivatives 6-9 (prepared in situ) in 1,2-dichlorobenzene at 25 uC,{ complete conversion of [N 3 Of the four silyl derivatives 6-9, compound 8 was the easiest to prepare. Catalysts with hexabromo carborane anions (8 and 9) were more active than those with the undecachloro carborane anion (6 and 7), even though the latter is considered less coordinating. Treatment of a 2 M 1,2-dichlorobenzene solution of 2 with 10 mol% of 8 resulted in the complete conversion to polymer 1 in just 90 min. Shorter reaction times were observed with higher catalyst loadings. Higher concentrations of 2 led to the formation of gels. Lower concentrations of 2 curtailed ROP, probably in part because of the sensitivity of 6-9 to moisture and errant nucleophiles in the solvent, and part because of the thermodynamics of ROP. Collectively, these observations are consistent with the energetics of ROP as recently deduced for the cyclic thionylphosphazene [NSOCl(NPCl 2 ) 2 ] 18 , and are characteristic of the ROP of cyclic monomers with low degrees of ring strain. A weakly coordinating anion is crucial for successful catalysis. The presence of triflate anion quenches catalysis by 8, presumably via desilylation of 6-9 to form R 3 Si(OTf) (trialkylsilyl triflates do not silylate 2).
In order to determine the molecular weight of a representative polymer obtained from an ambient temperature ROP reaction, a standard P-Cl bond substitution reaction was carried out. Treatment of a sample of polymer 1, obtained from a 1 M 1,2-dichlorobenzene solution of monomer 2 and 10 mol% catalyst 8, with sodium trifluoroethoxide in dioxane gave the hydrolytically stable poly(bistrifluoroethoxy)phosphazene [NP(OCH 2 CF 3 ) 2 ] n (10) as a white fibrous solid in 86% re-precipitated yield (Scheme 2). Gel permeation chromatography indicated a weight average molecular weight (M w ) of 1. 12 6 (10) . In a typical experiment, the polymerization mixture was diluted with 50 mL of dioxane and cooled to 12 uC. An excess of NaOCH 2 CF 3 (freshly prepared from Na and CF 3 CH 2 OH in dioxane) was added dropwise to the cooled polymer solution. The resulting white suspension was stirred at 100 uC for 2 h, and then at room temperature overnight. The volatiles were removed from the reaction mixture, which was then cooled to 0 uC and quenched with copious amounts of water. The crude polymer was filtered off, dried, redissolved in a minimal amount of dioxane and reprecipitated with hexane in 84% yield. 
